T he effect of physical interventions to facilitate motor recovery in relation to brain plasticity 1,2 and use-dependent cortical reorganization has been demonstrated often after stroke. [3] [4] [5] Cortical reorganization associated with motor recovery has been associated with at least 3 possible pathways, 1 which include bilateral activations, additional activation in sensory or secondary motor areas not normally activated by the task, and extension of activation toward neighboring regions of the movement representation. In addition, a posterior shift of activation in the motor regions after recovery in both cortical and subcortical stroke patients was reported, 1, 5 suggesting displacement of the motor network after reorganization.
Could the reported neuroimaging data describing motor recovery also be associated with recovery of other higher cognitive functions (eg, response regulation)? Response regulation involves freeing oneself from habitual reactions to produce goal-relevant behaviors. In doing so, one requires a cognitive system that is capable of inhibiting habitual responses to orchestrate behavioral outputs in accordance with intentions and situational demands. 6 In studies of response regulation, significant activation in the prefrontal-cingulate circuit has often been reported. [7] [8] [9] To our knowledge, no prior functional magnetic resonance imaging (fMRI) studies have been reported on poststroke cortical reorganization of response regulation. We recruited a patient 6 years after a left thalamic stroke to address this important clinical question.
METHODS

Subject
A 54-year-old woman at the time of experimental testing suffered from a stroke in 1997, with sudden loss of consciousness for 2 days. Her MRI showed rupture of an arteriovenous malformation (AVM) in the left thalamus. Upon regaining consciousness, the patient had an expressive aphasia and right hemiplegia. She reported that she was perplexed and could not retain new information. About 2 years poststroke, the patient's speech slowly returned. She gradually resumed working in the third year and started working full-time in the fifth year poststroke. The MRI showed enlargement of the left ventricle due to thalamic atrophy and hypodensity in the corona radiata. Atrophy in the cingulate cortex was also noted. Both the grey matter of the cingulate cortex and the underlying white matter were affected.
Neuropsychological tests. Data on the premorbid level of neuropsychological functioning and during the early phase of her cognitive recovery were not available. She was strongly right-handed by the Lateral Dominance Test. 10 She did not have a mood disorder based on the Beck Depression Inventory. Cognitive functioning is summarized in Table 1 .
Control Subjects
The control group consisted of 13 middle-aged subjects matched for handedness, age, and education level (7 women and 6 men; age range, 40-54 years, mean 47.5 years; mean education 15.5 years). The subjects were excluded if they had ever experienced a head injury or a neurological or psychiatric illness. Informed consent was obtained from all subjects. All the subjects found all the targets in the Symbol Cancellation Test 13 in less than 3 minutes and obtained full scores on the Response Compatible condition in the Arrow task.
Experimental task. The Arrow task was developed to elicit the neural processes of response regulation. 14, 15 For the Response Compatible condition, the subjects were first asked to read according to the direction of the arrowheads 3 times ("up" in response to an upward arrow and "down" in response to a downward arrow). Then, they were instructed to read the arrowheads in reverse for the Response Incompatible condition ("down" in response to an upward arrow and "up" in response to a downward arrow). Time used to read the arrowheads, as well as accuracy for the individual's verbal responses, was recorded. The interference score, reflecting the time required for an individual to override and regulate the habitual responses, was calculated by subtracting the reaction time in the Response Incompatible condition from that in the Response Compatible condition. An individual's accuracy, reaction time, and interference score were used to judge the quality of performance on task.
For the fMRI study, the stimuli were shown through a goggle display system (Resonance Technology, Inc, Northridge, Calif). Experiments were performed on a 1.5-T Magnetom Vision MRI scanner (Siemens, Erlangen, Germany). A single-shot, T2*-weighted gradient-echo planar imaging (EPI) sequence was used for the fMRI scans (slice thickness = 5 mm, in-plane resolution = 3.3 × 3.3 mm, TR/TE/θ = 3000 ms/60 ms/90°). The field of view was 211 × 211 mm, and the acquisition matrix was 64 × 64 mm. Twenty-four contiguous axial slices were acquired to cover the whole brain. For each slice, 132 images were acquired with a total scan time of 396 seconds in a run. The anatomical MRI was acquired using a T1-weighted, 3-dimensional gradient-echo pulse sequence. This sequence provided high-resolution (1 × 1 × 1 mm 3 ) images of the entire brain.
For each subject, functional images were separated into normal decision (Response Compatible condition), reverse decision (Response Incompatible condition), and number control groups. Activation maps were calculated by comparing images acquired during the Response Compatible condition with those acquired during the Response Incompatible condition using a Student group t test. The averaged activation maps across the 13 subjects, with a t value threshold of 3.5 and a cluster threshold of 400 mm 3 (P < .05, corrected), were then overlaid on the corresponding T1 images. To quantitatively assess for the degree of bilateral activation, the Laterality Index (LI) was calculated for the patient and the 2 control groups. 1 The LI is defined as follows: (volume of activation on the left hemisphere -volume of activation on the right hemisphere)/(total volume of activation on both hemispheres).
RESULTS
On the behavioral version of the Arrow task, the patient performed with 100% accuracy. On the Response Compatible and the Response Incompatible conditions, the subject required more time to perform the tasks. Nevertheless, she performed the task with perfect accuracy, and her interference score on the Arrow task (by subtracting the reaction time in the Response Incompatible condition from that in the Response Compatible condition) was within normal range. These suggested that her quality of performance, in terms of accuracy and the interference effect, was comparable with, if not better than, the controls (see Table 1 ). On fMRI, prefrontal (BA6/8/9/10) and anterior cingulate (BA24) activity was observed in the control group when subjects were engaged in response regulation ( Figure 2) . The activation of the left frontal region is consistent with the findings of previous studies of inhibition and response regulation. 14, 16 The right cingulate region was activated. At the subcortical level, activity of the left lentiform nucleus was observed. Using the LI to quantify the laterality of neural activation associated with response regulation, the control group had an LI value of 0.81, a left lateralized activation pattern.
In contrast to the healthy controls, when the patient was engaged in response regulation, significant activation peaks were found in the right medial frontal gyrus (BA9), the left inferior frontal gyrus (BA45), and the left frontal rectus gyrus (BA11). No significant cingulate or subcortical activations were observed at the same threshold. Only 3 significant peaks were observed, but the activation clusters covered the left inferior frontal and right medial frontal regions extensively. The regions included the left pars triangularis, the left pars opercularis, and the right superior medial frontal gyrus. These regions are displaced posteriorly, relative to the regions of activations observed in the controls. The LI for neural activation was 0.49, suggesting a more bilateral pattern of neural activity relative to the controls.
DISCUSSION
The patient's behavioral performance during the fMRI task suggests a significant speed-accuracy tradeoff to achieve the same quality of performance of response regulation as the healthy subjects. The patient's activation pattern was more bilateral in the prefrontal regions relative to the controls, whose brain activation pattern lateralized to the left.
The massive lesion that the patient had suffered affected the cingulate grey as well as white matter connecting the cingulate to other cortical regions. As such, no activity was observed in the anterior cingulate cortex (ACC) when performing the response regulation task. Because the ACC plays a significant role in error checking and self-monitoring of performance, the fact that the ACC was not activated and yet the quality of performance was preserved suggests that the monitoring roles that were originally played by the ACC might have been taken over by some other brain regions. Although the patient was performing the response regulation task, significant activation peaks were observed in the right medial frontal gyrus (BA9), the left inferior frontal gyrus (BA45), and the left frontal rectus gyrus (BA11). The extensive activation of the frontal regions may represent displacement of functional activity during the process of compensatory cortical reorganization, as well as the unmasking of parallel neural pathways in response to brain injuries. 5 However, the longer reaction times taken by the patient, relative to the controls, may reflect the extra time needed for an effortful orchestration of the neural network for response regulation when the function of the ACC was compromised. Also, activation of the left inferior frontal region may reflect a language-mediated cognitive strategy for self-inhibition.
Neural reorganization of response regulation in the patient paralleled aspects associated with motor recovery. Bilateral activation and displacement of neural activity to perhaps compensate for the loss ACC function was observed. Nonetheless, the data reported in this study are preliminary.
Recovery after stroke can proceed well past the period of acute structural changes. 17 After 6 years, despite no formal cognitive rehabilitation, the patient resumed her role as a highly functional and successful manager. The mechanisms underlying these long-term behavioral and functional imaging changes are uncertain. Would the patient have benefited from systematic training? Would rehabilitation training have induced a different pattern of neural activity during response regulation? The insight offered by this fMRI study needs further substantiation in a larger sample to control for the confounds of intersubject variability.
